Atrazine (2-chloro-4-ethylamino-6-isopropylamino-schlorotriazine), one of the most widely used herbicides, is classified as a possible human carcinogen by the US Environmental Protection Agency and is a known endocrine disruptor. Recent research has indicated that the estrogenic and antiestrogenic effects elicited by this chemical are not mediated by the estrogen receptor. In this study, we also observed that not only atrazine but also its metabolites did not affect basal or 17β-estradiol induced MCF7-BUS cell proliferation. Therefore, to explain the apparent endocrine disrupting effects of atrazine in vivo, an estrogen-independent mechanism and its metabolites were studied. We examined the alteration in aromatase (CYP19) activity in human choriocarcinoma JEG-3 cells by atrazine and its major metabolites (hydroxyatrazine, diaminochlorotriazine), the conversion of estradiol to hydroxylated metabolites by these compounds associated with cytochrome P4501A. The common metabolite of atrazine, diaminochlorotriazine inhibited the aromatase activity responsible for estrogen synthesis in JEG-3 cells. Atrazine and its metabolites induced 7-ethoxyresorufin-O-deethylase activity and catalyzed estrogen metabolism in MCF-7 cells. These results suggest that the antiestrogenic effects of atrazine may relate to a decrement in estrogen levels caused by aromatase inhibition and estrogen metabolism stimulation by atrazine and its metabolites.
INTRODUCTION
Atrazine (2-chloro-4-ethylamino-6-isopropylaminos-triazine) has been a widely used herbicide for the control of weeds in the cultivation of corn and sugarcane, among other crops, for many years. Atrazine is classified as a possible human carcinogen by the US Environmental Protection Agency, and is a known endocrine disruptor. However, the exact mechanisms of the mammalian toxicity of this herbicide are unknown.
Recent studies have investigated the short-and long-term effects of atrazine on mammary tumor formation, and various uterine responses in female rats. [1] [2] [3] [4] Those studies found that atrazine might possess estrogenic and/or antiestrogenic activities in vivo. Dietary administration of atrazine at the maximum tolerated dose to female Sprague-Dawley rats caused lengthening of the estrous cycle and increased the number of days in estrus or under the influence of exposure to estrogen. 1) However, atrazine inhibited 17β-estradiol (E 2 )-induced responses following oral administration at extremely high doses. There is also evidence suggesting that atrazine decreases rat uterinary estrogen receptor (ER) binding and uterine wet weights. Moreover, rats that were treated with E 2 plus atrazine experienced a decrease in E 2 -induced progesterone receptor (PR) binding and DNA synthesis. 3, 4) Connor and coworkers reported that atrazine did not affect basal or E 2 -induced responses in vitro using MCF-7 human breast cancer cell lines. 5) In addition, the estrogen-dependent recombinant PL3 yeast strain was not capable of growth on minimal media supplemented with atrazine in place of E 2 . Collectively, these results indicate that the reported estrogenic and antiestrogenic effects elicited by this compound are not mediated by the ER.
Therefore it is necessary to study the different mechanisms of action of atrazine by which it alters the endocrine system and the effects of its metabolites. Steroidogenesis and estradiol metabolism are potential mechanisms of the ER-independent response. Aromatase cytochrome P450 (CYP) enzyme activity catalyzes the conversion of androgens to estrogens in a number of human tissues, such as the placenta, gonads, adipose tissue, skin, and brain. 6) The CYP19 steroids androstenedione, testosterone and 16α-hydroxyandrostenedione are converted to estrone, E 2 , and estriol by aromatase, the product of the CYP19 gene, and the flavoprotein NADPH-cytochrome (NADPH-CYP) reductase. Excessive or *To whom correspondence should be addressed: College of Pharmacy, Sungkyunkwan University, 300, Chunchun-dong, Jangan-Ku, Suwon, Kyunggi-do 440-746, Korea. Tel.: +82-31-290-7714; Fax: +82-31-292-8800; E-mail: khchung@skku.ac.kr inappropriate aromatase expression in various tissues is associated with abnormal concentrations of circulating and/or local estrogen.
CYPs play a central role in the oxidative metabolism of many endogenous and exogenous compounds. 7) Estrogen also undergoes extensive metabolism via the action of various forms of CYP450. Oxidation of estrogens can lead to deactivation and elimination, or alternatively, may result in the production of, metabolites that have altered hormonal properties. 8, 9) For example, the metabolism of E 2 to 2-hydroxyestrone (2-OHE1) means a changes to weak estrogen and, more probably, an antiestrogen in a variety of models.
10) 2-Hydroxylation of estradiol or estrone to a catechol is a major metabolic pathway in the liver, [11] [12] [13] and cytochrome P450 1A2 are major enzymes for estrogen 2-hydroxylation. [13] [14] [15] Radiometric studies by Fishman et al. have shown that in normal subjects 2-hydroxylation accounts for between 30% and 40% of estradiol metabolism. 16) In this study, to explore potential mechanisms of the apparent in vivo estrogenic and antiestrogenic activities of atrazine, the proliferation of MCF7-BUS cells, alteration of aromatase, and hormone metabolism by atrazine and its major metabolites were examined. The E-screen assay, using a more sensitive cell line (MCF7-BUS) than in a previous report, 5) was performed to investigate the estrogenic/ antiestrogenic effects of atrazine and its metabolites. Aromatase activity and 7-ethoxyresorufin-Odeethylase (EROD) activity were measured associated with CYP450, which catalyzes the biosynthesis and metabolism of estrogen.
MATERIALS AND METHODS
Chemicals ---Atrazine and its metabolites were dissolved in DMSO as 1000-fold stock solution and 1 µl of this solution was added to the medium for treatment in 24-well plates. Stripping Sex Steroids from Serum with Charcoal-Dextran Treatment ---Charcoal was washed twice with cold sterile water immediately before use. A 5% charcoal-0.5% dextran (CD) T70 suspension was prepared. CD suspension as centrifuged at 2000 × g for 10 min. Supernatants were aspirated and serum aliquots were mixed with the charcoal pellets. This charcoal-serum mixture was maintained in suspension by rolling at 6 cycles/min at 37°C for 1 hr. This suspension was centrifuged at 2000 × g for 20 min. The supernatant was filtered through a 0.45 µm and 0.20 µm bottle top filter (Nunc). The sex steroid-free CD serum (CDFBS) was stored at -20°C until needed. E-Screen Assay ---Estrogen-sensitive human breast cancer MCF7-BUS cells were obtained from Dr. Soto (Tufts University, Boston, U.S.A.). Cells were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 5% fetal bovine serum (FBS), penicillin (10000 units/ml), and streptomycin (10000 µg/ml) at 37°C in an atmosphere of 5% CO 2 /95% air under saturating humidity. This assay is a widely used model of estrogen-dependent cell proliferation using human breast cancer cells. MCF7-BUS cells were trypsinized and seeded into 24-well plates at initial concentrations of 10000 cells per well. Cells were attached for 24 hr, and the seeding medium (5% FBS in DMEM) was replaced with the experimental medium (10% CDFBS supplemented with phenol red-free DMEM). Test compounds were added to this medium at a range of concentrations. The assay was terminated after 144 hr by removing media from the well, fixing the cells, and staining with sulforhodamine-B (SRB). Bound dye was dissolved in 10 mM Tris base (pH 10.5). Finally, aliquots were transferred to a 96-well plate to be read in an ELISA reader at 490 nm.
17)
Aromatase Activity Assay ---Human choriocarcinoma JEG-3 cells were purchased from the American Type Culture Collection (ATCC). The cells were maintained in culture medium consisting of DMEM supplemented with penicillin (10000 units/ml) and streptomycin (10000 µg/ml) at 37°C in an atmosphere of 5% CO 2 /95% air under saturating humidity. JEG-3 cells were trypsinized and seeded in 24-well culture plates at initial concentrations of 50000 cells per well. Incubation media (0.1% v/v DMSO in culture medium, phenol red-free DMEM) were prepared just prior to incubation. After 2 days (when the wells were approximately 80% confluent) culture media were replaced by 1 ml of incubation media and incubated for 18 hr at 37°C in an atmosphere of 5% CO 2 /95% air. Every incubation was performed in quadruplicate for the aromatase assay. The cells were washed twice with 1 ml of serumfree DMEM and assayed for aromatase activity. The effects of atrazine and its metabolites were investigated in cells incubated in the absence of 10% FBS, since serum could affect the regulation of aromatase activity. After aromatase activities were determined, the cells were lysed with 0.1 M NaOH 1 ml and the protein content of the wells was measured using the method of Lowry et al. 18) with bovine serum albu- 20) and 0.25 ml of this solution was added to each well. Medium was added to wells without cells to determine blank values. After an incubation of 1 hr at 37°C in an atmosphere of 5% CO 2 /95% air under saturating humidity, the plates were placed on ice and 200 µl of the culture medium was withdrawn from each well. The medium was extracted with chloroform 500 µl, vortexed, and centrifuged for 2 min at 9000 × g. A 100 µl aliquot of the aqueous phase was mixed with 100 µl of 5% w/v charcoal 0.5% w/v dextran T-70 suspension, vortexed for 30 sec and incubated for 10 min. After centrifugation for 5 min at 9000 × g, an aliquot of 150 µl was mixed with a 4-ml cocktail and assayed for radioactivity in a liquid scintillation counter. To determine the aromatase activity, corrections were made for background, radioactivity of blanks, dilution, recovery of 3 H 2 O, and 3 H distribution of [1β-3 H] androstenedione. EROD Assay ---The MCF7-BUS cells were trypsinized and seeded in 24-well culture plates at initial concentrations of 50000 cells per well. After 2 days (when wells were approximately 80% confluent), media were exchanged with phenol redfree DMEM. Chemicals were added to the medium for treatments that were done in 24-well plates and lasted 48 hr. EROD enzyme activity was measured using a fluorimetric assay. Every experiment was performed in quadruplicate for EROD enzymatic assay. EROD enzymatic assay was measured as described by Burke and Mayer, 21) with some modifications. Monolayers were washed twice with PBS. Just prior to the EROD assay, dicumarol 1 µM and ethoxyresorufin solution 1 µM in DMSO were dissolved in serum-free culture medium at final concentrations of 5 and 4 µM, respectively. One milliliter of this incubation medium was added to each well. The incubation was performed for 30 min at 37°C in an atmosphere of 5% carbon dioxide, and then the media were withdrawn from the wells. The fluorescence was measured at 530/588 nm excitation/ emission wavelengths. The amount of resorufin formed was calculated from a calibration curve for resorufin. After EROD activities were determined, the cells were lysed with 0.1 M NaOH 1 ml and the protein content of the wells was measured using the method of Lowry et al. 18) with BSA as the standard. Data Analysis ---Each data point represents the mean ± S.D. of three independent experiments where three independent wells were used for one experiment. Student's t-test was used with the SigmaPlot program, and differences were accepted as statistically significant when p < 0.05.
RESULTS AND DISCUSSION
There may be numerous mechanisms by which atrazine can potentially cause endocrine alterations. Atrazine possess estrogenic/antiestrogenic activities in vivo. 3, 4) The weak hormone-related activity of atrazine could play an important role in the observed disruptive actions of atrazine correlated to mammary tumors. 1, 2, 22) However, the apparent mechanisms of estrogenic/antiestrogenic activities of atrazine are still unknown. In particular, reports on the effects of the metabolites of atrazine responsible for endocrine disruption are insufficient.
It has been reported that the major animal metabolites arise from N-dealkylation. The metabolism of atrazine appears to be rather complicated, although 2-chloro-4-ethylamino-6-amino-striazine (deethylatrazine), 2-chloro-4-amino-6-isopropylamino-s-triazine (deisopropylatrazine), 2-chloro-4-amino-6-amino-s-triazine (diaminochlorotriazine [DACT]), and 2-hydroxy-4-ethylamino-6-isopropylamino-s-triazine (hydroxy-atrazine [HAT]) have been identified as degradation products of atrazine in animals (Fig. 1) . [23] [24] [25] [26] [27] We examined whether atrazine and its major metabolites had estrogenic and/or antiestrogenic activities through cell proliferation using ER-positive MCF7-BUS human breast cancer cell. In the cell proliferation test with MCF-7 cells, the so-called E-screen assay, atrazine and its metabolites did not affect cell proliferation. As shown in Table 1 , the relative proliferative effect of the three test compounds was less then 8, meaning that atrazine and its metabolites (HAT and DACT) are not estrogen agonists. In addition, these compounds at concentrations of 10 -5 -10 -11 M did not block the growthenhancing capability of E 2 and thus evidently exert their endocrine-disrupting effect by another mecha-nism different from the ER response (Fig. 2) .
To explain the previously reported disruptive actions of atrazine and its major metabolites, we investigated that alteration of the CYP450 enzyme associated with hormone synthesis and degradation. Aromatase CYP19 enzyme activity catalyzes the conversion of androgens to estrogens in a number of human tissues. As shown in Fig. 3 , the known irreversible aromatase inhibitor [28] [29] [30] [31] 4-hydroxyandrostenedione inhibited aromatase activity in JEG-3 cells in a dose-dependent manner with IC 50 values of 10 -8 M. However, no significant differences were observed between the treatment with atrazine and HAT (10 -8 ). In contrast, DACT (10 -8 -10 -5 M) caused a dose-dependent decrease in aromatase activity (Fig. 3) .
We also measured EROD activity associated with CYP4501A in MCF-7 cells, which catalyzed the E 2 metabolism to weak estrogen, 2-hydroxyestrone (2-OHE1). [10] [11] [12] 32, 33) As shown in Fig. 4 , the induction of EROD activity by atrazine a) RPE at 3 × 10 −7 M hydroxyatrazine (maximum soluble dose tested). Incubation with DMSO alone was performed as a control and the final concentration of DMSO in the medium did not exceeded 0.1% (control RPE = 0%). The proliferative effects of compounds relative to E 2 (10 −10 M RPE = 100%, positive control) are represented as RPE. RPE is calculated as 100× proliferative effect-1 (PE-1) of the test compound/(PE-1) of E 2 .
and DACT was observed in a concentration dependent manner (10 -8 -10 -5 M). However, HAT did not induce greater CYP 1A activity in comparison with atrazine or DACT. These results may be related to the antiestrogenic effects of atrazine in vivo.
In conclusion, we have corroborated evidence that atrazine and its metabolites do not exhibit agonist and/or antagonist activities through a direct estrogen response. Our present results suggest that possible mechanism of the antiestrogenicity of atrazine could be via decrements in estrogen levels due to inhibition of aromatase activity and stimulation of E 2 metabolism. Further investigations are necessary to clarify the mechanism responsible for these effects. Cells were incubated in DMEM supplemented with 3% CDFBS with atrazine, DACT, or HAT for 18 hr. DMSO was used as a negative control (NC), and 4-hydroxyandrostenedione (HA) was used as a positive control. The final concentration of DMSO in medium did not exceed 0.1%. After incubation for 18 hr, cells were treated with 54 nM [1β-3 H]androstenedione for 1 hr. Aromatase activity was determined using the tritium release assay.
3 H 2 O formed by aromatase activity was measured as described in Methods. Aromatase activity is expressed as the amount of tritiated water (pmol) formed by aromatase activity. Comparisons were made using Student's t-test. Values significantly different from NC (0.1% DMSO) *p < 0.05, **p < 0.01. ATZ, atrazine; DACT, diaminochlorotriazine; HAT, hydroxyatrazine.
Fig. 4. Effects of Atrazine and its Metabolites on the EROD Activity in MCF7-BUS Cells
Cells were incubated in DMEM supplemented with 5% FBS with atrazine, DACT, or HAT for 48 hr. DMSO was used as a negative control (Control). The final concentration of DMSO in medium did not exceed 0.1%. After incubation for 48 hr, EROD activity was determined as described in Methods. Results are expressed as means and S.D. of three separate experiments for each data point. Comparisons were made using Student's t-tests. Values significantly different from control (0.1% DMSO) *p < 0.05, **p < 0.01. ATZ, atrazine; DACT, diaminochlorotriazine; HAT, hydroxyatrazine.
